Copper is an essential trace element in plants and animals. Following zinc and iron, it ranks the third in abundance in human bodies among the essential heavy metals. 1 Copper participates in many biological processes, such as haemoglobin synthesis (in Fe utilization and Hb regeneration), connective tissue development, normal functions of the central nervous system, and oxidative phosphorylation. [2] [3] [4] Owing to the growing awareness of the toxicity of copper at elevated concentrations, searching for effective analytical methods in general, and for optochemical sensors in particular, for the copper assay is of considerable interest.
Introduction
Copper is an essential trace element in plants and animals. Following zinc and iron, it ranks the third in abundance in human bodies among the essential heavy metals. 1 Copper participates in many biological processes, such as haemoglobin synthesis (in Fe utilization and Hb regeneration), connective tissue development, normal functions of the central nervous system, and oxidative phosphorylation. [2] [3] [4] Owing to the growing awareness of the toxicity of copper at elevated concentrations, searching for effective analytical methods in general, and for optochemical sensors in particular, for the copper assay is of considerable interest.
The recent years have seen a growing interest in the development of optical chemical sensors for Cu 2+ with different chemical transducers. [5] [6] [7] [8] [9] Thus optochemical sensors can offer advantages in terms of size, cost, not requiring a reference element, and transmitting without the influence of an electromagnetic field. Most of these optodes are based on absorption or reflectance measurements of immobilized colorimetric reagents in various matrices. Although fluorescence signaling offers the advantage of high sensitivity over absorption or reflectance signaling, only a few optical sensors based on fluorescence are reported for Cu 2+ determination. [10] [11] [12] These fluorescence sensors are commonly composed of two structural subunits: a fluorophore (for signal transduction) and an ionophore (for selective recongnition of metal ion). The two subunits are connected through a linking bridge. The fluorescence of the fluorophore would be affected when the ionophore recognizes some metal ions as a result of electron or energy transfer. 13, 14 Searching for new fluorescence sensors which would respond toward Cu 2+ with sufficient high selectivity is still an active field as well as a challenge for the analytical chemistry research. [15] [16] [17] [18] [19] Porphyrins are a class of naturally occurring macrocyclic compounds, which play a very important role in the metabolism of living organisms. Moreover, porphyrins show good photophysical properties with large Stokes shifts and relatively long excitation (>400 nm) and emission (>600 nm) wavelengths that minimize the effects of the background fluorescence. This makes porphyrin derivatives potential fluorophores for preparation of new fluorescence molecular sensors. In the present study, a porphyrin derivative appended with bipyridine (H2TPPBPy) was chosen for preparation of a Cu 2+ -sensitive optical chemical sensor. H2TPPBPy has been used to investigate the rate of photoinduced charge separation. 20 Quenching of porphyrin fluorescence on irradiation is attributed to electron transfer from porphyrin to the acceptor (rhenium), which is linked with the porphyrin by bipyridine. It is interesting to explore the possibility of using a similar approach in designing the Cu 2+ -sensitive optical chemical sensor. Bipyridine coordination of Cu 2+ would quench the fluorescence of porphyrin. In this study, a sensor based on H2TPPBPy was first reported. The sensor exhibits stable responses over the concentration range from 2.0 × 10 -8 to 1.0 × 10 -5 M Cu 2+ with a working pH range from pH 6.0 to 8.0, and a high selectivity.
Experimental

Reagents
High molecular weight poly(vinyl chloride) (PVC), dioctyl sebacate (DOS), dibutyl phthalate (DBP), diethyl phthalate (DEP), dinonyl phthalate (DNP), CuCl2 and sodium tetraphenylboron (NaTPB) were supplied by Shanghai Chemical Reagents (Shanghai) and were used as received. Tetrahydrofuran (THF) was freshly distilled from sodium chips under argon with benzophenone/ketyl as indicator. Except when specified, other chemicals were of analytical reagent grade and were used without further purification. Twice-distilled water was used throughout all experiments. The standard solution of Cu 2+ was obtained by serial dilution of 1.0 × 10 -2 M CuCl2 solution and buffered with NaOAc-HOAc (pH 6.22).
The structure of porphyrin derivative is shown in Fig. 1 . meso-tetraphenylporphyrin (H2TPP) was prepared and purified following a reported procedure. 21 H2TPPBPy and ZnTPPBPy were synthesized according to a literature procedure. 20 All physical and spectroscopic properties were identical to previously reported data for these compounds. 20, 21 
Instrumentation
All fluorescence measurements were carried out on an F4500 luminescence spectrometer (Hitachi) with excitation slit set at 5.0 nm and emission slit at 10.0 nm. The UV-Vis absorbance measurements were made on a MultiSpec 1501 (Shimadzu). A home-made poly(tetrafluoroethylene) flow-cell 22 and a bifurcated optical fiber (30 + 30 quartz fibers, diameter 6 mm and length 1 m) were used for the Cu 2+ measurements. The excitation light was carried to the cell through one arm of the bifurcated optical fiber and the emission light was collected through the other. A glass plate (diameter 10 mm) covered with a sensing membrane was fixed on the top of the flow chamber by the mounting screw nut with the membrane contacted with the sample solution. The sample solution was driven through the flow-cell by a peristaltic pump (Guokang Instruments, Zhejiang). The pH measurements were carried out on a Mettler-Toledo Delta 320 pH meter.
Preparation of the optode membrane
The optode membrane cocktail was prepared by dissolving a mixture of 1.5 mg of H2TPPBPy, 50 mg of PVC and 100 mg of DOS in 2 ml of freshly distilled THF. To improve the adhesion of the membrane, we activated the glass plates (diameter 10 mm, thickness 1 mm) by treatment with concentrated HNO3 for 12 h, followed by 3% HF, and 10% H2O2 each for 30 min, then washed with distilled water and ethanol. Casting 0.1 ml of the solution onto the spinning glass plate (600 rpm) formed the optical sensing membranes. The THF was allowed to evaporate overnight, leaving a thin polymer film attached to the glass plate.
Procedures
The bifurcated optical fiber was fixed in the detecting chamber of the spectrofluorometer to carry the excitation and 
UV-Vis spectra
For the purpose of studying the response mechanism, we mixed an ethanol solution of H2TPPBPy (1.0 × 10 -5 M) and equivalent molar aqueous CuCl2 solution (pH 6.22) at room temperature. Then its UV-Vis spectrum was recorded and compared with that of an ethanol solution of H2TPPBPy (1.0 × 10 -5 M) mixed with blank buffer solution (pH 6.22).
Results and Discussion
Spectral properties of Cu 2+ sensing film
The fluorescence spectrum changes of H2TPPBPy optode membrane when excited at 423 nm under various Cu 2+ concentrations are shown in Fig. 2 , these spectra are recorded at λex = 423 nm and λem = 500 -800 nm. The H2TPPBPy optode membrane exhibits fluorescence emission at 643 nm. As can be seen from Fig. 2 , the fluorescence intensity of the optode membrane decreases with increasing concentration of Cu 2+ , which constitutes the basis for the determination of Cu 2+ with the optical fiber sensor proposed in this paper.
Response mechanism of optode
Copper is a quenching metal ion. 23 Bipyridine coordination of Cu 2+ would quench the fluorescence of porphyrin. The UV-Vis spectra of H2TPPBPy and H2TPP are shown in Fig. 3 . As can be seen, compared to the UV-Vis spectrum of porphyrin, the maximal absorption is shifted from 409 to 413 nm due to the fact that the bipyridine moiety might affect the Soret band of porphyrin moiety. Upon addition of Cu 2+ , the maximal 552 ANALYTICAL SCIENCES MAY 2007, VOL. 23 absorption of H2TPPBPy is shifted from 413 to 410 nm. The value of the shift is indicative of the degree of the interaction between the fluorophore and the bound Cu 2+ : the bigger the shift, the stronger the interaction. 12 The porphyrin moiety is very close to the recognition site, so a slight shift (3 nm) was observed. Upon addition of Cu 2+ , the absorption spectrum of H2TPP remains almost unchanged. It is also found from Table 1 that the H2TPP has no response with Cu 2+ . So one can conclude that under the present experimental conditions the bipyridine moiety is acting as the recognition part and the porphyrin moiety as the report part. Thus, a binding mode of H2TPPBPy with Cu 2+ is proposed and shown in Scheme 1.
Optimization of membrane compositions
Several optode membranes were prepared using different sensitive materials including H2TPPBPy, ZnTPPBPy and H2TPP (see Fig. 1 ) with DOS as plasticizer to study the effect of sensing materials. The results are shown in Table 1 .
From Table 1 it can be seen that the optodes based on H2TPPBPy and ZnTPPBPy show good response characteristics towards Cu 2+ , while the optode prepared by H2TPP has no response towards Cu 2+ . Bipyridine as a good ligand chelates swiftly with many metal ions. The porphyrin alone chelates slowly with Cu 2+ owing to the difficulty in deforming the porphyrin ring. 24 So porphyrin alone in a poly(vinyl chloride) matrix has no response towards Cu 2+ . At the same time it can be observed from Table 1 that the optode of ZnTPPBPy shows wider response concentration range than that of H2TPPBPy. This is due to the fact that porphyrin possesses stronger fluorescence than zinc-porphyrin.
Optodes with different plasticizers including DOS, DBP, DEP and DNP were also prepared using H2TPPBPy as the sensing membrane component. The results are shown in Table 2 . According to the working concentration range and the response time, it is clear that the optode with DOS as the plasticizer gives the best response for Cu 2+ . At the same time it can be seen that the optode with DEP as the plasticizer has no response for Cu 2+ . It is assumed that Cu 2+ could not go into the membrane phase due to the small molecular volume of DEP.
It has been found that with the addition of sodium tetraphenylborate (NaTPB), the stability of the optode membrane declined, while the response time became longer. So we did not add NaTPB in the membrane solution.
The influence of membrane compositions has also been investigated. The results are shown in sensing material. But the response time turns longer with the decreasing concentration of sensing material. It is presumably due to the fact that the concentration of sensing material in the membrane phase is lower, and Cu 2+ spends much more time in contacting with recognition moiety. If the concentration of sensing material in the membrane phase is high, self-quenching will occur to the fluorophore moiety. The experimental results reveal that the optode membrane (optode 8) consisting of 1% H2TPPBPy, 66% DOS and 33% PVC (w/w) provides the best response characteristics towards Cu 2+ .
Effect of pH
The fluorescence intensity versus pH plot for H2TPPBPy optode shown in Fig. 4 was obtained by adjusting the solution pH with the addition of 0.1 M hydrochloric acid or sodium hydroxide in 0.1 M NaOAc-HOAc buffer and fixing the Cu 2+ concentration at 1.0 × 10 -5 M. The fluorescence quenching effect of the optode is strongest within the range of pH 6 -8, and the fluorescence intensity increases at pH > 8 and pH < 5.5. Such results suggest that at pH < 5.5 copper ions may not bind the bipyridine moiety completely in acidic condition, which limits the fluorescence quenching. At pH 6 -8, copper ion is prone to chelate bipyridine, so that fluorescence quenching effect is strongest. At pH > 8, the fluorescence intensity increases because copper ions are partly hydrolyzed, while bipyridine can still chelate the remaining copper ions. Therefore, a pH 6.22 NaOAc-HOAc buffer (0.1 M) was used in subsequent experiments. The conditional stability constants of the complexation at different pH values are shown in Table 4 .
Response characteristics of the optode
In the Cu 2+ concentration range of 2.0 × 10 -8 -1.0 × 10 -5 M, a linear relationship that coincided with the modified Stern-Volmer equation 22, 25 .00) and buffer. The optode can be stored in twice-distilled water without any obvious change of the fluorescence intensity for at least one month, which implies that H2TPPBPy is stable in a membrane.
Selectivity
The interference of a number of common ions with determination of Cu 2+ was investigated. The experiments were carried out by fixing the concentration of Cu 2+ at 5.0 × 10 -6 M and then recording the change of the fluorescence intensity before and after adding the interferent into the Cu 2+ solution. The results are presented in Table 5 
Determination of Cu 2+ in river water
The application of the proposed method was evaluated by determination of Cu 2+ in water samples of Xiangjiang river. The results were compared with those obtained by the atomic absorption spectrometry reference method. The relative error is less than 5%. The results are summarized in Table 6 .
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Conclusion
We have reported here for the first time the application of a porphyrin derivative appended with bipyridine for preparation of a new Cu 2+ -sensitive optical chemical sensor. The optode shows a high selectivity and quick response for Cu 2+ over other common metal ions except for Fe 3+ and Hg 2+ , which show a slight interfering effect on the Cu 
